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Abstract

A numerical study of three dimensional chemically reacting and non-reacting flowfields is
conducted using a two-equation model of turbulence. A generalized flow solver using an implicit Lower-
Upper(LU) diagonal decomposition numerical technique and finite-rate chemistry has been coupled with a
low-Reynolds number two-equation model of turbulence. This flow solver is then used to study chemically
reacting turbulent supersonic flows inside combustors with synergetic fuel injectors. The reacting and non-
reacting turbulent combustor solutions obtained are compared with zero-equation turbulence model solutions
and with available experimental data. The hydrogen-air chemistry is modeled using a nine-species/cighteen-
reaction model. A low-Reynolds number k-€ model was used to model the effect of turbulence because, in
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general, the low-Reynolds number k-€ models are easier to numerically implement and are far more general

than algebraic

models. However, low-Reynolds number k-€ models require a much finer near-wall grid

resolution than high-Reynolds number models to accurately resolve the near-wall physics. This is especially
true in complex flow fields, where the stiff nature of near-wall turbulence must be resolved. Therefore, the
limitations imposed by the near-wall characteristics and compressible model corrections need to be evaluated

further. The gradient-diffusion
process. The influence of this

was studied parametrically.
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H Source Vector
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hypothesis is used to model the effects of turbulence on the mass diffusion
low-Reynolds number turbulence model on the reacting flowfield predictions

Number of Chemical Reactions(=18)
Number of Chemical Species(=9)
Turbulence Production

Prandtl Number

Universal Gas Constant

Turbulent Reynolds Number(=k*/ve)
Temperature

Turbulence Intensity

Source Jacobian

Mass Averaged Velocity

Mean Velocity Constants

Friction Velocity (=(t,/p)")
Coordinates

Mole Fraction

Non-Dimensional Distance

Species Mass Fraction

Specific dissipation
Boundary Layer Thickness



& Kronecker Delta

Y Maximum spectral radii(=MAX(A))
Y Gas constant

A Local spectral radii

A Low Reynolds number terms
pn Viscosity

B Eddy Viscosity(=C,f, k%)
Kinematic Viscosity

Body fitted coordinate system
Ne Combustion Efficiency

Nm Mixing Efficiency

¢.Phi  Fuel-Air Equivalence Ratio

c Viscous Diffusion Coefficient, Table 1
T Shear Stress

Tj Reynolds Stresses

Subscripts and superscripts

a,b,c  With respect to the Directions
n Pseudo time index

t With respect to Turbulence

v With respect to Viscous Terms
A Transformed Variable

o Freestream

0 At the inlet

In order to design a more efficient and reliable
propulsion system for high speed vehicles such as the
National Aero-Space Plane(NASP) or the High Speed
Civil Transport, it is essential to be able to accurately
predict the chemically reacting flow field inside the
combustors. In particular, a number of physical
mechanisms affecting the mixing and combustion must be
modeled correctly so that the combustors can be readily
analyzed and optimized. A design tool that can be used to
study three-dimensional turbulent non-reacting and
reacting flow fields in supersonic combustors has been
developed and its potential in investigating possible fuel-
air mixing mechanisms is demonstrated. In this study, we
will deal primarily with the analyses of flowfields inside
combustors to assess the effectiveness of a k-& turbulence
model. By comparing numerical predictions with available
experimental data, we show that the complex flow features
inside of combustors can be reasonable predicted using a
typical k-¢ model of turbulence.

In supersonic flow, low combustor efficiency is a
consequence of the low shear-mixing caused by
compressibility effects, and the extremely short combustor
residence time of the injected fuel.! In an earlier study of
the supersonic shear-layer, Brown and Roshko? showed
that the spreading rate of a supersonic mixing layer
decreases dramatically with increasing freestream Mach
number. Therefore, number of investigators have
introduced external mixing enhancements into their
streamwise injector designs through additional

compression/expansion surfaces. Some investigators
believe that the initial s and the vorticity generated by
spanwise convoluti *# and externally generated swirl
will produce optimal combustor designs. Therefore, these
concepts have been incorporated intg the swept-ramp
injectors’ and swirling nozzle designs.s' Drummond et.
al.’ and Marble et. al. that externally generated
vorticity l;e used to generate additional mixing;
Drummond’ numerically showed that the swept wedge
injector, which generates a strong streamwise vorticity, has
far superior mixing characteristics thap its un-swept
counterpart. In the work of Marble et. al.,” planar shock-
waves were used to enhance the mixing between co-
flowing circular jets of fuel and air. Marble showed that a
jet processed by an oblique shock-wave will produce a
strong vortical component due to the interaction between
the density differential of fuel-air and the strong pressure
gradient across the shock-wave. The effects of this
interactioqlwas later numerically demonstrated by
Drummond.

Many of the previously discussed design concepts
increases flow complexity and makes performance
analyses very difficult. One potential method of analyzing
the combustor flowfield is to use CFD tools. However, in
order to determine the potential effectiveness of a
particular combustor design, accurate numerical and
physical models are needed. During the past several years,
significant progress has been made in the development of
new physical models in turbulence and in finite rate
chemistry and the model limitations are better understood.

The simplest of the turbulence models assume length
scale behaviors and are called zero equation algebraic
eddy viscosity models. These models utilize an assumed
local equilibrium turbulent scale distribution and the
shear information to complete the Boussinesq hypotheses
necessary to close the averaged Navier-Stokes equations.
The models in this class are widely used in computations
because of their simplicity. However, the major Achilles
heel of th=se models is the limitation imposed by the
equilibrium assumption used in the development of the
length scale profiles. In flowfields involving non-
equilibrium phenomena, such as separation, sudden
removal or addition of pressure gradient, injection,
suction, wall temperature gradient and roughness, the
predictions made using these models tend to be poor
because the required lsnodel physics often exceed the
equilibriunm assumption.” It was previously shown that the
simplest turbulence models can yield reasonable
combustor flowfield prtsdictions.l However, this work
also illustrated the need for a more accurate turbulence
model to resolve the performance characteristics needed in
design.

The second class of models uses scalar transport
equations 0 model the evolution of the turbulent length
and velocity scales of the flowfield and therefore these
models are not limited to equilibrium situations.
Unfortunately, a majority of the modeling parameters and
the near-wall formulations are optimized only for simple
flow situations. Therefore, the limitations of these models
must be carefully explored in complex flow situations.
The most widely used of the two equation eddy viscosity
models is the k-€ model. In this formulation the length
scale and the velocity scale needed to determine the eddy



viscosity are computed from the modeled turbulent kinetic
energy and dissipation rate transport equations. The k-¢
model has been used in a wide variety of low Mach
number problems. There are, however, several well known
k-& model deficiencies. A major deficiency of the model is
its inability to handle no-slip surfaces. Extensive review of
this deficiency and analysis of the various model
cogrrecﬁon formulations have been conducted by Patel et
al” and Coakley and Huang.!! There are two techniques
commonly used to resolve this difficulty. The first method
replaces the turbulence transport equations in the near-
wall regions with a known log-law solution. This is
usually known as the high-Reynolds numbez/wall-function
approach. The second method simply modifies the
transport equations so that the singular behavior in the
near wall region is removed.

In this work, a flow solver with finite rate chemistry
model is further extended using a two-equation model of
turbulence. Although algebraic turbulence models perform
well in simple wall bounded flows, the advantages of
using two-equation models in corner flow and shear flow
predictions are well documented. Therefore, a low-
Reynolds nun{?er k-£ model/solver with dilatation
corrections'#!1? in three-dimensional form has been
developed for combustor simulations. The primary focus
of this investigation is to study the influence of the
turbulence model on the predictions of supersonic non-
reacting and reacting flow fields

I Governing Equations

The conservative form of the three dimensional
continuity, momentum, energy, species conservation, and
turbulent transport equations were solved in following
geuaeralized from:

?sz+%(5-£v) +a%(r-pv) +2%(G'Gv) = H
¢y
where the conservative vector, Q, is defined as:
2 = (p, P, pv, pw, PE,, PY,,)T
¢3)]

All of the quantities appearing above are
mass(Favre!4) averaged, e.g. u= pP«/p,andk= PKP.
The density(p) is conventionally averaged. The convective
and diffusive terms in E.F, and G are shown in detail by Yu
et. al.! The source vector, H, contains the mass transfer
terms in the species transport equations and the
production/destruction terms of the turbulent kinetic
energy and specific dissipation transport equations.

H= (0,0,0,0,00)"

3

A nine species-eighteen reaction model is employed
to model H,-air chemistry. In this model the molecular
nitrogen, N,, is assumed to be inert. Therefore, only the
remaining eight species continuity equations were
numerically solved; the coupled Lower-Upper(LU)
diagonal decomposition approach proposed by Shuen and

Yoon!? was used. The LU decomposition of the implicit
side of the numerics, combined with Symmetric
Successive Over Relaxation(SSOR),"” reduces the overall
implicit numerical procedure to a series of scalar
inversions. The mass-averaged species continuity

ions and the Navier-Stokes equations were implicitly
formulated for numerical efficiency. The implicit coupling
of the finite rate source terms was used to reduce the
numerical stiffness associated with the chemical time
scales that need to be resolved. The turbulent kinetic
energy and specific dissipation transport equations were
solved decoupled from the mean solver.

La Generalized Two Equation Turbulence Model

In general, there are several types of low-Reynolds
number k-¢ models; the major distinguishing feature of
these models is the handling of the singularity that exists
in the destruction term of the specific dissipation equation.
The most common practice is to use a modified form of
the transport equations, where a fictitious dissipation(e)
rather than the real dissipation(g) is used. The fictitious
dissipation is usually defined as € = € - £y4). There are
three types of low-Reynolds number k-€ models. The first
type uses flowfield characteristics, such as curvature of the
turbulent kinetic energy(€, q=2v(#k/d>)?), to satisfy the
near wall asymptotic behavior, while avoiding the
singularity caused by the no-slip boundary condition.
k-€ model formulation proposed by Launder and S 0
is typical of this type of formulation. The second type gf
low-Reynolds number k-& model, proposed gy Chien,?!
uses the wall normal distance(€y,; = 2vk/y,“) and Van-
Driest type damping to develop the necessary near wall
characteristics. The third type of low-Reynolds number
formulation does not modify the transport equation; rather,
finite near-wall characteristics are used as boundary
conditions. The low Reynolds number model proposed by
Shih?? is typical of the models that avoid the zero
boundary condition and therefore the singularity. All three
employ additional wall damping to satisfy near wall
physics. In practice, the low-Reynolds number k-€ models
are easier to implement numerically than high Reynolds
number models with wall function boundary conditions
for complex geometries. However, the low-Reynolds
number models also require much higher near wall grid
resolution and careful grid strategy.

The two-equation model of turbulence can be written
in the generalized strong conservative form of Equation 1,
where the conservative vectors are defined as follows:

0= (pkpe)

T
pku—(u+or:)g§
E—Ev= b 3

]
pEu — ("+0?€)E

()]
and the F and G vectors are similarly defined. The source
vector containing the production/destruction terms of the



turbulent kinetic energy and specific dissipation transport
equations can be written in the following form:

Pk—pe
H= 2| +A+A
€ <

A
Caitfi CedeE

&)

where the production and the Reynolds stresses are
defined as follows. Here, a linear stress-strain
approximation for the Reynolds stresses is employed.

Pk = p‘t‘.j [52—‘]
au i au - au
- il_ Z k _ 2..
SR Al
(6)

The turbulence modeling constants are shown in Table 1

Models Csl C€2 Cl-’- 3‘ 35

Chien 135 | 1.80 | 0.09 | 10 13

Table 1: Turbulence Model Parameters

A _low-Reynolds number k- model proposed by
Chien?! is used because of its faxorablc comvergence
behavior and numerical stability.l However, this two-

ion model number formulation has a disadvantage in
that the low Reynolds number corrections are not Gallean-
invariant; it is dependent on the grid coordinate system
and the geometry. Therefore, a major disadvantage of this
formulation is that for complex geometries the near wall
characteristics may not be uniquely defined; for some
cases, there may be wide range of possibilities. Here, the
original model formulation bas been extended into a three
dimensional compressible formulation by closclx
following the two dimeasional form previously reported.!
The low-Reynolds number correction terms for the Chien
model are defined as follows:

- ‘ -
_2u_2
yn

A
—2p.—§exp (—O.Sy:;)
Yn

- =

@
+
f,‘l = 1.0 — exp (0.01 ISyn)

where y,, is defined as nearest wall normal distance and *
is used to denote non-dimensionalization based only on

wall characteristics. Here, the Van-Driest damping
function is enforced with respect to the ncarest wall.

Lb  Compressibility Effects

In compressible flow situations, the mass weighted
averaging procedure used to formulate the governing
equations yields fewer unknown terms than the
conventional Reynolds averaging procedure.!
Unfortunasely, this procedure does not eliminate the need
for additional modeling work needed for the mass
fluctuation and dilatation terms. Modeling of the
dilatational terms is essential in accurate predictions of
high speed combustors because these terms directly
contribute to the overall turbulent energy gain or loss
caused by the volumetric fluctuations. Turbulence energy
loss caused by additional compressible behavior is
modeled using a modified fongl of the dilatation
dissipatign suggested by Wilcox.!3 The mass averaged
velocity “ is modeled according to the gradient diffusion
hypothesis:

—a (M2 — 0.06) eH (M, — 025) + MAS
A= .
Ce gMAS

%
dy

MAS = (;"%+;' +w" é) 4= C—mm—
X Z

where H(x) = 1.0 for x>0 and H(x) = 0.0 for x<0.

I  Diffusion Model

The models used to determine the mass-averaged
coefficients governing the diffusion of momentum, energy,
and mass can be described as follows. The individual
species viscosity(u) and conductivity(x) are computed
using fourth order polypomial expressions developed by
Gordon and McBride.>> These expressions have been
shown to be accurate up to 6000°K and are adequate for
the problens investigated(<2500°K).

4 4
h=Xc W x =3¢ BT
k:o n k=0 n

&)
Once the individual species viscosities are found, the
mixture viscosity agd conductivity are computed using
Wilke's mixing rule, 1

p’l

X
n

-3

s
n=1

N
5
N x= 2 N
1 s ﬂ=1| K}
+ 3 1 30,
Bj=1 Rj=1

(10)



Here, the inter-collisional parameter(¢) between species o,
and n, is defined as:

Mw"l
¢n1n2 = [za[HMwn ]) [l+
2
(11)

The inter-species diffusion is modeled using the
Chapman-Enskog formulation for dilute gases:

1 1 1 T3
D'l = 0.0018583 Wit + W ( )(PQ )
1’"2 "1 nz 62"1"2 D
(12)
where %ij and the effective collision
integral factor, Qp, and the effective temperature, Tp, are
approximated by:
1 1 T

+
70.145 2
D (Tp +05) T T,

1
= E (0‘.+0j)

Q=

(13)
The physical properties of the gas components and the
reference enthalpy needed are summarized in Table 2.

The overall diffusion coefficients were computed by
lumping all of the species together into a mixture and then
determining the binary diffusion between the i species
and the mixture. The diffusion coefficient, D‘-j, is defined
in Equation 14. Once the binary diffusion coefficients for
all of the species combinations and the mixture are known,
the diffusion velocity of each species is found using Fick’s
law. Therefore, the inter-species diffusion velocity
components, (ui)j, are defined as:

ay‘. 1-X;
Yi(a); = —Dyp5— Dim =
i 5 X
z m
D,
mzi ‘M

(14)
The turbulent diffusion of mass was modeled based on
assumptions that the eddy diffusivity is directly
proportional to the turbulent mass diffusivity by a
constant, the turbulent Schmidt number(Sct), and that the
gradient-diffusion process also applies to the turbulent
diffusion process, i.e. D= (Djj}iam + W/p/Sct. For the k-€
model predictions, Sct was assumed to 0.9; for the
Baldwin-Lomax model prediction, Sct was assumed to be
0.5.

Ml Thermodynamic model

The mass-averaged specific heat constant at constant
pressure(Cp;) of the individual species is assumed to be a
fourth order polynomial function of temperature. Curve
fitted constants have been adopted from Gordon and

McBride.Z® Once the individual species thermodynamic
properties, such as specific heat and gas constant, have
been found, the mixture properties can be found by
weighting them over all of the species. Typically, the
specific heat and the corresponding mixture relationship
are defined as:

4 5
;= Y (DT Cr= 3 Cp¥;
k=0 n=1

(15)

The internal energy of the gas mixture is determined by
using mixture properties such as pressure, density and
enthalpy, and is defined as:
N
. p.l,.2 2 .2
e = 2 rlJ.‘.-;+§(u +v 4+ w)
i=1
(16)
T
b = b + ij‘.dT

Tr
Here, hg; is the reference enthalpy at standard
temperature(T;) and is shown in Table 2. Since the specific
heat of the species is formulated as a function of
temperature only, the enthalpy relationship can be easily
integrated to yield a polynomial relationship between
enthalpy and temperature for the gas mixture. Newton’s
jteration is used to find the temperature from the predicted
internal energy of the gas mixture. Here, the pressure of
the gas mixture is determined from Dalton’s law of partial
pressure:

N
s Y.
- i
p= PRT.Z yrrs
i=1 t

an

IV Finite Rate Chemistry Model

Chemical balance of the N species and N, reaction
finite rate reaction_model is determined from
stoichiometric equation.”.

N N
r r
w R '
2Vl g 2 Vi
n=1 n=1
(18)
where v’;; and v”;; are stoichiometric coefficients and C; is
chemical symbol of i species.
The Law of Mass Action states that the rate of change
of concentration of the i"* species is defined by the

movement of each species summed over all of the
contributing reactions. Therefore, if n; is assumed to be the



molar concentration(=pY/MW,). Then, the rate of change
in species concentration can be expressed as follows:

N, y N N

s s .
©, = MW, Y (x‘.k (Kf(k) I1 n;.'i*—xb ORI n}' u))
K=1 j=1". j=1

. , (19)
where Fitk = ¥ it~V ik . The forward and backward
reaction rates(Kf. K,) are computed from Arrhenius’
relationship with phenomenologically developed chemical
constants. The forward reaction rate constants of the
reactant are defined as:

(k) E (k)
Kf(lc) = Af(k) Taf exp( i T )

(20)

The reverse reaction rate(K;) is similarly defined. The
laminar reaction rate constants for a Hy-air model are
summarized in Table 4.

v Numerical Techniques

Once the thermal, chemical and turbulent properties
have been computed, the LU-SSO}( technique originally
proposed by Yoon and Jameson 6 is used to find the
steady-state solution. In order to handle complex
geometry, the governing equations are solved in a body
fitted coordinate system(E,n,0).

g——?i—%(E—E‘,) +%(F-F,) +§C(G-G,) =H
where the typical conservative vectors are defined as:
0 =40
E= h(gx£+nxr+;za)
E, = h(§E +nF +0G)
i = hH
@n

The implicit finite volume formulation of the finite
differenced governing equations is linearized to the
following delta expression:

LsYUAD = AtRHS

L= (1+a(DiA’ +0.8" +0;8 =i - =L -1))
3 M 4
- a” - A" -a” at + +
U= (I+At(D§A +Dn8 +o;c —-A -8 -C))
s= (1+ar(A” +8" + ¢t =i - ~C))

(22
where the explicit right bandside(RHS) is
RHS = Dy (F-F) +Dy (6-¢&y) +D, (6—-¢,) +H

The flux Jacobians A*, A", B*, B", C*and C are
constructed such that the eigenvalues of A*, B and C* are
positive and the eigenvalues of A", B'and C are negative.

There are several methods of splitting the Jacobian
matrices to achieve the needed sign. A splitting
suggested by Yoon and Jameson,!® based on global
spectral radii, has been adopted. The final delta form of the
goveming equation is developed by splitting the Jacobians
into positive and negative parts and upwind differencing
the governing equation. This procedure enables us to split
the implicit side of the numerics into a Upper and Lower
form shown in Equation 23 for AQ. If no mass
transfer(,=0) is present, as is the case in non-reacting or
chemically equilibrium situations, only two scalar
inversions are needed to solve Equation 23. For finite rate
calculations, the first operator(L) in Equation 23 requires
point block diagonal inversion because of the implicit
coupling of the chemical source terms. This implicit
procedure is essentially equivalent to re-scaling the
characteristic time scale of the governing equations and is
essential for numerical stability. Furthermore, this implicit
procedure is much more efficient than explicit procedures
in which the numerical stability is further limited by the
chemical time scales, which can be orders of magnitude
smaller than the convective time scales. The three
dimensional LU implicit procedure can be written in the
following form:

1 Ta T8 Y
AQ,’jk=A:(I+A:(A—§+E+A—€))RHS

At 4+ Ql
"’KEAi—l,j.kA i—1,j,k

1 I A+ 17
AQijk = AQijx+ Gbi, -1, k806 j -1,k

T4 Y8 T i 1
(1+ & (A—§ + in + A—c) —aT) AQijk = Ay

At 4+ n
At im0l
A Ciodi ke Qi k-1

v o Ar . v
AQijk = AQijk— —Aiv1,j,kQi+ 1,5,k
AL

v v ar. v
AQijk = AQijk— A_‘\Bi,j+1,kAQi,j+l,k

Y Y Y

, A B C v
I+ At (— +—+ —))AQj;i = AQj;
X (A§ an A§)) qu Quk

A ke 180
aE i,j,k+18%: j k+1

(23)



where the split flux Jacobian is defined as,
- 4 1,.
A = E(AhA')
B*,B,C*, and C are similarly defined.

The turbulent kinetic energy and specific dissjpation
rate transport equations are only weakly coupled 1910
the mean equations through eddy viscosity. Therefore, the
turbulence transport equations are solved uncoupied from
the mean equations. This decoupling maintains the rank of
the Jacobian matrices for the mean flow solver at thirteen
and requires only a two by two matrix solver for the
turbulence equations. On the right hand(physics) side of
Equation 23, a central differencing technique with a
numerical filter introduced by Jameson 0 is used. In this
uncoupled procedure, the time marching of the turbulence
transport equations lags the mean equations marching by
one iteration. While the decoupling greatly simplifies the
algorithm, additional iterations may be required to resolve
any sudden changes in the numerical solutions because of
the numerical accuracy lost in the decoupling procedure.
Furthermore, it is possible that the decoupling can cause
numerical instabilities during early stages of the
computation, when rapid changes in the solution are
expected. Therefore, additional limiters for turbulent
kinetic energy and dissipation were adopted to insure
numerical stability.

The source term(H) contains the effect of turbulent
energy transfer between the dissipative scales and energy
containing scales as well as the low Reynolds effects.
Therefore, proper numerical treatment of these terms is
essential in turbulent flow solver development. In high
shear situations, this term tends to get extremely stiff and
therefore in most cases the implicit representation of this
term is essential in maintaining numerical stability. This
difficulty is further extenuated when the turbulence model
is expected to handle a rapid exchange in turbulent energy
between the dissipative scales and the turbulent energy
scales due to externally generated gradients such as shock-
waves and their interaction with the turbulent boundary
layer. Similar ogscrvations have been made by other
invest.igators.'s'1 However, the exact formulation of the
source flux Jacobian term varies from study to study.
Initially, we have used the following 2x2 matrix for the
source Jacobian on the left hand side of the Equation 24:

5
By
pk k
T = P Cer
£ €
o C. oK 22
elk\pe “EC,,

(24

Huang and Coakley25 showed that in order to
maintain numerical stability the source Jacobian should be
formulated so that the overall numerical scheme maintains
a positive left hand side. Therefore, only the negative part
of the production term(P) is represented in the source
Jacobian.

Boundary and Initial Conditions
The combustor walls were assumed to be adiabatic
and non-catalytic. At the wall surfaces, zero boundary
conditions for turbulent kinetic energy and specific
dissipation were used. Zero gradient conditions were
assumed at the freestream boundaries. The inlet velocity
profile was developed from the initial value of the skin
friction coefficient, boundary-layer thickness and the law
of the wall assumptions. The compressible law of the wall
transformation proposed by Van Driest was then used to
account for the effects of compressibility. Furthermore, the
velocity and the temperature profiles was assumed to be
similar non-dimensionally. Therefore, once the velocity
profile is developed the thermal profile can also be
completely developed. Finally, the turbulent kinetic
energy and dissipation rate profiles were developed from
the following empirical relationships:
32
_ 3k
e =t

3
= = 2
k= 3(T,U) ;

(25)
where the characteristic length scale is assumed to be

! = min (0.4y, 0.0853)
(26)

VI  Test Cases

Several non-reacting and reacting injector/combustor
flowfields were studied to evaluate the numerical
technique and the k-€ turbulence model solver developed.
First, a problem of chemical reaction in premixed gas was
considered to assess the influence of turbulence models in
the predictions of shock-induced combustion. Secondly,
predictions of non-reacting combustor flowfields were
obtained for a transverse injector/backstep combustor and
the solutions_were compared with experimental
measurements>’ to study effects of the turbulence in
typical combustor flowfield predictions. Third, reacting
and non-reacting solutions to ramp injector/combustor
flowfields?®-2? were obtained to illustrate the influence of
geometry and chemical reactions on the turbulence model
predictions.

Laminar and turbulent solutions to premixed Hj-air
flow over a ten degree ramp were obtained to illustrate the
effects of turbulence on chemical reactions. The inlet
Mach number is 4.5, and the static pressure and
temperature are assumed to be 1 ATM and 900K,
respectively. A stoichiometric hydrogen and air mixture is
the freestream gas. This conﬁgura%m is similar to the
problem reported by Yungster.”” Figure 1 shows
normalized pressure and temperature distributions at a
small distance from the wall for both reacting and non-
reacting flows. The open symbol is used to denote pressure
and temperature profiles obtained from the non-reacting
flow solution and the solid line is used for profiles
obtained from the reacting flow. This figure clearly shows
the rise in wall temperature caused by the chemical
reaction; this rise is preceded by slight ignition delay
behind the shock wave.
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Figure 1. Near-Wall Temperature and Pressure
Distribution

A similar comparison of turbulent solutions
obtainfgl using the Baldwin-Lomax(BL) turbulence
model“® and the present k- model on the same grid
system is shown in Figure 2. The solid line in Figure 2 is
the k- model prediction, and the open symbols are used
to denote the solution obtained from the zero-equation
model. Here, the k- model solution does not include
compressibility corrections(i.e. =0, u"=0). As with the
laminar solutions, the majority of the chemical reactions
take place in the near wall region behind the shock-
wave, where favorable thermodynamic conditions exist.
The difference between BL model and k-¢ model
solutions is small because of the low-Reynolds number
of the problem and the low turbulence
intensity(T,=0.5%) used in the k-¢ model prediction.
However, it is worthwhile to note that there are
differences in the boundary-layer characteristics and the
shock-wave angle predicted by the two models, shown
in Figure 2, especially around the corner region. This
indicates that the boundary-layer characteristic
predicted is a strong function of the turbulence model
employed. Similar behavior was even observed in
absence of chemical reactions.!® Furthermore, the rise
in temperature through the shock-wave and the
subsequent rise in surface heating causing the ignition
are predicted at different ramp locations by the two
models. Further evidence of chemical reaction is shown
in Figure 3, where fuel(H,), oxidant(O,), hydroxyl(OH)
and water(H,0) mass fraction profiles are plotted. The
premixed air-hydrogen burns behind the shock-wave,
causing the temperature to rise and water to be
produced.

0.409 00 (X 003
X(m)

Figure 2. Near-Wall Temperature and Pressure
Distribution of BL and k-¢ Model Predictions

°©

X(m)
Figure 3. Chemical Species Distributions

In order to further test the three dimensional solver
with the k-€ model of turbulence, a transverse injector/
constant area combustor flowfield was studied and the
numerical solution is compared with the experimental data
obtained by McDaniel.“” In this combustor design, a
rearward facing step is used to create a recirculation region
that acts as a flame-holder. This rearward facing step is
followed by two injection ports located at the bottom wall
of the test section where the fuel(seeded-air) is injected
transversely. In order to reduce computational resource
required, the flowfield was assumed to be symmetric about
a XY-plane located along the centerline of the combustors.
A typical geometry of the constant area combustor model
with transverse injectors is shown in Figure 4. Two blo%
computational grid systems similar to those used by Lee
were also used here. Here, a block of grid was used to
model the main combustor and a block of grid was used to
model the flowfield inside of the wind tunnel prior to the
backstep. The grid cells along the no-slip walls around the
injectors and the combustor were stretched using a
hyperbolic tangent function to maintain a near-wall non-
dimensional height(y*) of approximately 1.0 at the inlet
location. For this problem a half percent turbulence level
was assumed in the k-€ model prediction. The incoming
boundary-layer characteriitgcs were developed from a log-
law based formulation.'® The combustor walls were
assumf:d to adiabatic and non-catalytic. The two-air
model!® was used to match experimental conditions. In
order to further simplify the calculation, only the noslip
surface along the bottom surface of the combustor has
been resolved in the computation; all other wall surfaces
are assumed to be slip walls. A zero gradient boundary

condition has been assumed for the injector exit.
We 0.48mm

Ttot = 300
Ptot = 274 Kpa
Mach 2.0

Figure 4. Typical Grid Geometry of Transverse Injector

Typical two-equation model predictions of the centerplane
pressure and temperature are shown in Figures 5 and 6.
These two figures clearly show that the essential flow
features of the dual transverse injection system, including
the backstep created circulation region, which entrains the
injected fuel, and the formation of a dual bow shock-wave
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around the injected gas columns. These pressure and
temperature contours are in close agreement with the
experimental %ata and the algebraic model predictions
shown in Lee.!

e ‘)ﬁwf.«.q-.

Pressure(Pa)

7000.6 $2000.0 97000.0
Figure 5. Centerline Pressure Contour

115.0 205.0 25.0
Figure 6. Centerline Temperature Contour

The eddy viscosity contours predicted are shown in Figure
7. This figure shows the weakness of using a low-
Reynolds model formulation with Van-Driest damping
function. The separation, reattachment, and the injector
boundary conditions cause the wall shear stress and
therefore the damping function of Equation 7 to go to
zero; as a result the eddy viscosity also goes to zero. This
behavior causes discontinuity in the predicted eddy
viscosity distribution, shown as spikes in Figure 7. Further
work is needed to eliminate this difficulty in the model
formulation. A typical centerline turbulent kinetic energy
distribution predicted is shown in Figure 8. The essential
features of the predicted turbulent kinetic energy are
consistent with the flowfield physics; for example, high
turbulence intensities occur in the high shear regions
caused by shock waves and the shear flow mixing
generated by the backstep. Typical centerline velocity,
pressure, and temperature profiles at three streamwise
stations along the combustor centerplane are com{)ared
with the experimental data in Figures 9 through 11. In
these figures the open sy%bols denote experimental data
obtained by McDaniel,“” and the lines represent the
predictions. In particular, the solid lines denote the k-¢
model prediction and dashed lines denote the Baldwin-
Lomax model prediction. These comparisons clearly show
that reasonable predictions can be made with the new k-¢
model approach. The BL model and k-¢ model predictions
are in rather close agreement with each other because of
the low turbulence intensity used in the k-¢ model
prediction. The only appreciably distinguishable feature is
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seem at the second station, where the re-circulation
predicted by the k-¢ model is stronger than either the
measured value or the zero-equation model prediction.
This difficulty may be the result of the singular eddy
viscosity value predicted upstream of this location at the
injector ports. At first glance, these results do not indicate
any distinctive advantages of using a transport model over
a zero-equation model. However, it is important to note
that the k-e model approach allows for further generality
and physical flexibility not found in the algebraic model
formulation and not tested here. These model flexibilities
include the ability to model the influence of freestream
turbulence intensity and the fuel jet turbulence

Eddy Viscosity

-
0.0e+00 2.3e-04 4.7¢-04
Figure 7. Centerline Eddy Viscosity Contour

Eddy Viscosity

w
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Figure 8. Centerline Turbulent Kinetic Energy Contour
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Figure 9. Typical Temperature, Pressure, and Velocity
Profiles (X/D =0.0)
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Figure 11. Typical Temperature, Pressure, and Velocity
Profiles (X/D =6.6)

The new turbulence model-solver combination was
used to solve the chemically reacting and non-reacting
combustor/injector flowfields. These complex three-
dimensional swept and straight ramp hypermixing injector
designs are important in developing bigh efficiency
combustors. Typical geometry of the swept ramp injector
is shown in Figure 12. The ramp angle is 9.5 degrees and
the sweep angle is at 9.0 degrees. The straight ramp
geometry was generated using the same ramp angle and
zero sweep angle. Both injector geometries were
numerically resolved using three block grid system similar
to that used in reference 10. In order to obtain combustion,
the freestream and the injector static conditions were
raised to match the test conditions of NASA Langley’s
combustor test facility. Here, the inflow Mach number was
assumed to be 2.0. The freestream gas is assumed to be
vitiated air made up of 25.6% oxygen, 56.2% nitrogen,
and 18.2% water. The freestream pressure and temperature
are assumed to be 1.0x10° Pa and 1024°K, respectively.
The physical conditions, geometrical features, and
computational performance of the computation are
summarized in Table 4. Fuel-air equivalence ratios of 90%
and 60% were investigated. Typical convergence
characteristics of the mean variables and the turbulence
scalar quantities are shown in Figure 13. In this work, two
orders of reduction in the total residual for all variables
was assumed to be adequate for convergence.

a8 ]
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Figure 13. Typical Residual Characteristics

The chemically reacting solutions are shown along
with non-reacting(mixing) solutions to illustrate the
influence of exothermic reactions on the turbulent
flowfield predictions. Typical water mass fractions
predicted at several streamwise locations for the two fuel-
air equivalence ratio are shown in Figure 14. This figure
also shows that the strength and shape of the streamwise
vorticity developed by the swept injector is not
significantly influenced by the chemical reactions. The
low combustion efficiency achieved for these flow
conditions can be a contributing factor for this behavior.
Therefore, flows with higher turbulence intensities with
additional chemical reactions should be further
investigated for additional insight. In this configuration,
the majority of the chemical reactions occur in the core
region of the streamwise rollup(vorticity), where low
streamwise velocity due to ramp blockage is found. This is
also the region where the majority of the water is
produced. Figure 15 shows the typical static temperature
distribution and, as expected, high temperature regions are
developed by the combustion process which produced
water. Figure 16 shows the typical wall temperature
distribution; an extremely hot spot on the combustor wall
is evident. The appearance of the hot spot on the wall
temperature distribution is con%stent with the
experimental observations of Northam,” where extremely
high combustor wall temperature some distance from the
injector exit was observed. In some cases, the high
temperature encountered led to combustor wall failures.
Figure 17 shows the turbulent kinetic energy distribution
predicted. As expected, the higher turbulence intensities
are found in the reacting flow. Furthermore, predicted
turbulent kinetic energy profiles show physically
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consistent trends in the turbulence intensities predicted.
For example the high mean shear generated by the
streamwise vorticity and shock-waves lead to higher
turbulence intensities predicted. However, in the absence
of experimental measurements definitive conclusions
cannot be drawn from this trend. Furthermore, a number of
physical modelling issues have not yet been explicitly
addressed and the models used in this work may not
adequately resolve the injector/combustor flowfield.

H20 Level-TKE
] )

000 031 062
Figure 14. Influence of Chemical Reaction on the Water
Predictions

M }

:"v'“ii.:h-:.j.‘:..\- W
Temperature(K)
XD =1333
100.0 1100.0 2100.0
Figure 15. Influence of Chemical Reaction on the
Temperature Predictions

An additional reacting combustor flowfield was
computed to determine the influence of the fuel-air
equivalence ratio. The overall equivalence ratio of the two
irgector experimental configuration in reference 28 is
120%. In order to match the static condition of that
experiment, an equivalent case of 60% fuel-air
equivalence ratio was used to test single injector model.
Here, only a short constant area section of the combustor
duct was computed to minimize the thermal choking
effects. The injector to combustor cross-sectional area
ratio of ths g)resem combustor is different from the work of
Northam.“® Therefore, only the exit Mach number and
static pressures were matched; the static temperature of the
fuel was raised to 629°K to achieved the desired fuel-air
equivalence of 60%. The flowfield predicted at this
equivalence ratio is similar to earlier solutions.
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ra——— XD=1333
1000 11000  2100.0
Figure 16. Influence of Combustor Wall Temperature
Predictions
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Figure 17. Influence of Chemical Reaction on the
Turbulent Kinetic Energy Predictions

However, the thermal characteristics predicted have been
dramatically altered. The evidence of extensive
exothermic activity is shown in Figures 18 and 19. Figure
18 shows the water mass fraction levels predicted at
various streamwise locations of the combustor for the two
fuel-air equivalence levels studied. The hotter fuel in the
60% fuel-air equivalence ratio case causes extensive
chemical reactions to take place in the combustor. These
chemical reactions cause the temperature to rise and a
large amount of water to be produced around the tail end
and center core region of the streamwise vorticity created
by the swept injector, where favorable thermodynamics
conditions are present. All three fuel-air equivalence cases
studied show similar flowfield features, including the
formation of the butterfly shape that vortical rollup causes,
with dramatically different combustion efficiencies. This
figure further reinforces the idea that the shape of the
streamwise vorticity is only weakly linked to the
exothermic chemistry and strongly linked to the shape of
the ramp injector. Figure 20 shows the influence of
chemical reaction on the predicted turbulent kinetic
energy. The overall flow feature shown in this figure is
very similar to Figure 17. However, in this case the
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increase in exothermic chemical reaction leads to an
increase in the peak turbulence intensity.

Reacting
Phi=0.60 | Phi = 0.90

\ XD =00
A\ L
X/D = 6.06
v ‘j' P \\\\
i + ')
H20 Level-TKE
X/D=13.33
0.00 031 0.62
Figure 18. Effects of Fuel-Air Equivalence Ratio on the
Water Mass Fraction Prediction

X/D =13.33
1000 12000 23000
Figure 19. Effects of Fuel-Air Equivalence Ratio on the
Temperature Prediction

The injector/combustor problems can also be
characterized using non-dimensional efficiency
parameters. Typical mixing and combustion efficiency
predictions are shown in Figure 21. Here the mixing a%g
combustion efficiency definitions proposed by Riggins
have been adopted. Mixing efficiency is defined as the
ratio of mass flux of least available reactant which would
react if complete reaction occurred with no further mixing
to total mass flux of the least available reactant. The
combustion efficiency is defined as the ratio of the reacted
mass flux of least available reactant to total mass of least
available reactant. In Figure 21, open symbols are used to
denote the combustion efficiency and the filled symbols
are used to denote the mixing efficiency. In general Figure
21 shows that only a small amount of combustion occurs
near the injector exit plane(X~D region), where the
supersonic fuel jet exhibits the under-expanded jet and
limited mixing behavior. Furthermore, the increase in the
combustion efficiency lags behind the increase in mixing
efficiency which indicates that the fuel-air must be well
mixed before combustion is possible. Figure 21 also
clearly shows the influence that the exothermic chemical
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reaction has on the mixing of fuel and air. As previously
shown in Figure 14, only a small amount of water is
produced for the 90% fuel-air equivalence case and is
reflected in the lower combustion efficiency shown in
Figure 21.

Reacting
Phi=0.60 | Phi = 0.90
-_Iﬁg 0.0
TKE(mps*2)
) o1 XD =13.33

0.0e+00 2.0e+05 4.0e+05

Figure 20. Effects of Fuel-Air Equivalence Ratio on the
Turbulent Kinetic Energy Prediction

It is also interesting to note that the mixing efficiency for
this low combustion case closely matches the mixing
efficiency obtained from the non-reacting solution. As the
fuel-air equivalence ratio is reduced to 60%, the influence
of exothermic reaction on mixing increases, and higher
mixing efficiency is then predicted. The increased
combustion also leads to higher production of reacted
products, such as water and hydroxyl, and leads to higher
combustion efficiency. This behavior is consistent wi
observations made in numerical simulations of Givi
where increased mixedness was observed with an increase
in exothermic chemical reactions. The influence of the
injector geometry on the fuel-air mixing is shown in
Figure 21, where the fuel mass fraction contours generated
by the swept ramp injector and the straight ramp injector
are compared. This figure clearly shows the swept ramp
injector generated peak fuel mass fraction decay behavior
and fuel penetration characteristics that are much better
than those generated by the straight ramp injector. This
behavior further translates into higher mixing efficiencies
shown in Figure 23.
Mixing and Combustion Efficiencies

0.20 v v v T

[ ]
(]
Reacting, Phi = 0.60 \‘. )
*
(]

Reacting, Phi = 0.90

0.08

000 Ln
0.030

X (m)

Figure 21. Non-dimensional mixing and combustion
efficiency predictions
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Fuel Fraction X/D =13.33

0.0 0.5 10

Figure 22. Comparison of a Swept Ramp injector and a
Straight Ramp Injector Fuel Fraction Contours

Mixing Efficiency

0.20

X (m)

Figure 23. Prediction of Swept Ramp and Straight Ramp
Injector Mixing Efficiency(¢,,)

VII Concluding Remarks

A generalized flow solver using Lower-Upper
diagonal decomposition techniques has been successfully
coupled with three low-Reynolds number k-& models for
engineering analyses. A generalized solver for chemically
reacting flows with a low-Reynolds number k-¢ turbulence
model has been developed. Preliminary comparisons of
experimental data and computed solutions show
reasonable agreement. Using a two equation model of
turbulence requires only slightly more computational
resources than using an algebraic model. However, the
generalized formulation of the two-equation model
provides flexibility and generality, and allows modeling of
needed physics not possible with an algebraic model
formulation. Several test cases have been used to illustrate
the potential of the new CFD method in dealing with
variation in fuel-air equivalence ratio and injector
geometry. Additional analyses are needed to determine the
effects of the low Reynolds model variations and the
compressibility effects in injector/combustor problems.
An alternate low-Reynolds number formulation that does
not use the Van-Driest damping function should be further
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tested to avoided model formulation difficulties for
complex combustor geometries.
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species | oA | TLK) | bi/Ke)
H, 2827 9.7 0

0, 3.467 106.7 0

OH I 3.148 330. 2.29x10%

H,0 2.641 809.1 -1.34x107

H | 2.827 59.7 2.162x10°
0 3.467 106.7 1.557x107
HO, 3.467 106.7 6.338x10*
H,0, 2.641 809.1 -4.007x10°
N, l 3.798 714 0

Table 2: Chemical Species Property

Comb Injector
Parameter Test Section || Parameter
I mm 1ght(H) k 90mm
Height 18.1 mm Diameter (D) | 3.30mm 3.30mm
M 20 M, 1.7 My 1.7
No. cells 220,563 (3) Prix 262 Kpa 790 Kpa
(No.Blks)
Block 1 45x%45x45 Tinjeot 300°K 1843°K
Block 2 43x27x33 Pinjiat 252 Kpa Pigiiot 1547.6 Kpa
Block 3 45x45x45 Tigjtot 300°K Tigjo 407K (¢=.90)
893°K (¢=.60)
MFlow; .086 Kg/s MFlow, 126 Kgss
(total)
MFlow;,; 149 g/s MFlow;,; 2.56 gfs
1.73 g/
CPU(Cray) 1.7-3.1x10" | Mem.Reg'd | 13MW Mem. Req’d | 17 MW (9 spe-
sec/(iter-cell) | (Cray) (2species) (Cray) cies)
Table 3: Summary of combustor performance
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Reactions Mamot | Mkl | pptn | awelD | e | ow
Hy+OH <>H0+H 4.74x10'0 2.03x10'2 306895 -10985.2 00 -274
O;+H<>O0H+O 1.85x10!! 4.50x10° -8253.65 41294 00 A10
Hy+O<>OH+H 420x10!! 228x10!! 691998 -5998.66 00 -026
0,4+ H<>HO; 2.20x10!! s.10x108 50327 -25765.13 00 -424
Hy+M<->H+H 220xi0'"! 4.38x107 48314.04 4166.86 00 032
0;+4M<>0+0 1.80x10'% 1.517x10° -59396.07 840.33 -1 -525
H+HOj<>Hy+ Oy 1.30x10!! 1.275x10'0 -1509.81 2767211 00 427
HyO+M<>O0H+H 1.30x1012 5.736x10° -52913.94 7491.96 00 313
HyO+ 0 <> 20H 6.80x101° 8.613x10% 924258 -404.79 00 250
0+HO; <> 0, +OH 5.00x10'° 2.650x10° -503.27 -25743.37 00 403
H + HO; <->20H 204x10"! 2.760x10’ -538.50 171195 00 808
OH + HOy <> 0+ Hy0 8.00x10° 4.05x101° -1499.75 -35609.15 00 130
Hy + HyOg <> HyO + HOy 791x16° s.07x1012 -12581.78 -3160.89 0.0 412
OH + Hy0; <> Hy0 + Hy0, s.10x10° 3.761x10° -719.68 -18043.56 00 146
2HO; + M <> 02 + HyOy 1.80x10” 1.085x10'° 00 -16734.1 0.0 o1
H + Hy0p <-> OH + Hy0 7.80x10% 1.042x10° 0.0 -33982.3 0.0 899
Hy0; +M <> 20H 1.44x10t4 8.487x10* -22903.38 3519.13 00 1212
H+O<>O0H+M 7.10x10% 2.106x10'6 00 -51513.5 -1 1.067

Table 4: Laminar Reaction Rate Constants
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13. ABSTRACT (Maximum 200 words)
A numerical study of three dimensional chemically reacting and non-reacting flowfields is conducted using a two-
equation model of turbulence. A generalized flow solver using an implicit Lower-Upper (LU) diagonal decomposition
numerical technique and finite-rate chemistry has been coupled with a low-Reynolds number two-equation model of
turbulence. This flow solver is then used to study chemically reacting turbulent supersonic flows inside combustors with
synergetic fuel injectors. The reacting and non-reacting turbulent combustor solutions obtained are compared with zero-
equation turbulence model solutions and with available experimental data. The hydrogen-air chemistry is modeled using
a nine-species/eighteen-reaction model. A low-Reynolds number k-€ model was used to model the effect of turbulence
because, in general, the low-Reynolds number k-€ models are easier to numerically implement and are far more general
than algebraic models. However, low-Reynolds number k-& models require a much finer near-wall grid resolution than
high-Reynolds number models to accurately resolve the near-wall physics. This is especially true in complex flow fields,
where the stiff nature of the near-wall turbulence must be resolved. Therefore, the limitations imposed by the near-wall
characteristics and compressible model corrections need to be evaluated further. The gradient-diffusion hypothesis is used
to model the effects of turbulence on the mass diffusion process. The influence of this low-Reynolds number turbulence
model on the reacting flowfield predictions was studied parametrically.
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